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Abstract 
 
   The main purpose of this project is to use a computer program which is work in 
the field of computational fluid dynamic (CFD) especially the field of air-
conditioning, which is called (Airpak) program; and validate the results obtained 
with the theory of multi-zone airflow called (CONTAM), also to validate (Airpak) 
program with the coupled program called (multi-zone “CONTAM” / and 
computational fluid dynamic (“CFD”) and finally validate (Airpak) program with 
experimental results. 
   The following three modes of air flows were investigated:  
- Non-uniform air momentum distributions; 
- Non-uniform contaminant concentration distributions; 
- Non-uniform air temperature distributions. 
   Airpak computed results were found to agree very well with the other programs 
used and experimental values. The results obtained have been presented in tables 
and figures. 
 
 
  
 ﻣﺴﺘﺨﻠﺺ
 
ﻳﻌﻤﻞ ﻓﻲ ﻣﺠﺎل ﺣﺮآﺔ اﻟﺬي  (إﻳﺮﺑﺎك )ﺤﺎﺳﻮﺑﻲاﻟﺞ ﻣﺎﺒﺮﻧاﻟ وع هﻮ إﺳﺘﺨﺪامﺬا اﻟﻤﺸﺮاﻟﻐﺮض اﻟﺮﺋﻴﺴﻲ ﻟﻬ    
ﺄآﻴﺪ اﻟﻨﺘﺎﺋﺞ اﻟﻤﺘﺤﺼﻞ وﺗ، (ﺁﻳﺮﺑﺎك)ﻳﺪﻋﻰ ﺑﺮﻧﺎﻣﺞ اﻟﺬي  وﺗﻜﻴﻴﻒ اﻟﻬﻮاء وﺑﺎﻷﺧﺺ ﻣﺠﺎل اﻟﻤﻮاﺋﻊ اﻟﺘﺤﺴﻴﺒﻴﺔ
( ﺁﻳﺮﺑﺎك)، اﻳﻀًﺎ ﺗﺄآﻴﺪ ﺑﺮﻧﺎﻣﺞ (آﻮﻧﺘﺎم)ﻧﻈﺮﻳﺔ إﻧﺴﻴﺎب اﻟﻬﻮاء ﻓﻲ اﻟﻤﻨﺎﻃﻖ اﻟﻤﺘﻌﺪدة واﻟﺘﻲ ﻳﻄﻠﻖ ﻋﻠﻴﻬﺎ ﻋﻠﻴﻬﺎ ﻣﻊ 
 ("ﺳﻲ أف دي"ﺮآﺔ اﻟﻤﻮاﺋﻊ اﻟﺘﺤﺴﻴﺒﻴﺔﺣو"/ آﻮﻧﺘﺎم" اﻟﻤﺘﻌﺪدةﺎﻃﻖاﻟﻤﻨ)ﻣﻊ اﻟﺒﺮﻧﺎﻣﺞ اﻟﻤﺬدوج واﻟﺬي ﻳﻄﻠﻖ ﻋﻠﻴﻪ 
                                                                         .ﻣﻊ اﻟﻨﺘﺎﺋﺞ اﻟﻤﻌﻤﻠﻴﺔ( ﺁﻳﺮﺑﺎك)وأﺧﻴﺮًا ﺗﺄآﻴﺪ ﺑﺮﻧﺎﻣﺞ 
             : ﺗﻢ اﻟﻜﺸﻒ ﻋﻠﻴﻬﺎ اﻟﺘﺎﻟﻴﺔ ﻟﻠﺘﻴﺎرات اﻟﻬﻮاﺋﻴﺔاﻟﺜﻼﺛﺔ أﺳﺎﻟﻴﺐ
  , ﻣﻨﺘﻈﻤﺔ ﻟﻜﻤﻴﺔ ﺣﺮآﺔ اﻟﻬﻮاء-اﻟﺘﻮزﻳﻌﺎت اﻟﻐﻴﺮ -
  , ﻣﻨﺘﻈﻤﺔ ﻟﻠﺘﺮآﻴﺰ اﻟﻤﻠﻮث-ﺎت اﻟﻐﻴﺮاﻟﺘﻮزﻳﻌ -
  . ﻬﻮاء ﻣﻨﺘﻈﻤﺔ ﻟﺪرﺟﺔ ﺣﺮارة اﻟ-اﻟﺘﻮزﻳﻌﺎت اﻟﻐﻴﺮ -
 اﻟﻘﻴﻢﺪﻣﺔ ووﺑﻴﻦ ﺗﻠﻚ اﻟﺒﺮاﻣﺞ اﻟﻤﺴﺘﺨ  ﺑﻴﻨﻬﺎ أن هﻨﺎﻟﻚ ﺗﻮاﻓﻖ ﺟﻴﺪأوﺿﺤﺖ( ﺁﻳﺮﺑﺎك) ﺑﺒﺮﻧﺎﻣﺞ  اﻟﻤﺤﺴﻮﺑﺔاﻟﻨﺘﺎﺋﺞ
 . ﻓﻲ ﺟﺪاول وأﺷﻜﺎل اﻟﻤﺘﺤﺼﻞ ﻋﻠﻴﻬﺎ ﺗﻢ ﻋﺮﺿﻬﺎاﻟﻨﺘﺎﺋﺞ .اﻟﻤﻌﻤﻠﻴﺔ
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Chapter One 
Introduction 
    
   Air conditioning systems are more sophisticated, difficult to operate, 
provide a good environment and can be energy efficient. Many of the 
existing buildings consume more energy than they were designed for due 
to the lack of no heat or cooling load calculations. Air conditioning 
systems should be designed bearing in mind energy conservation, comfort 
and convenience of operation. 
   Person's feeling of comfort is fundamentally affected by velocity of 
flows, absolute temperature and amplitude of the vertical temperature 
gradient in the room. Optimal arrangement of heaters, window-frames 
and installation of controllable venting system may allow maintenance of 
thermal comfort in the living room with reduced heat consumption. 
Influence of above mentioned factors may be analyzed in detail by use of 
mathematical modeling approach. A physical model of heat balance for a 
living room with various physical conditions and geometry is used, which 
allows analyzing the distributions of the airflows and temperatures. The 
mathematical model enables to choosing an optimal placement of 
building elements in order to decrease heat losses or heat gains and 
improve conditions of thermal comfort. Figure (1.1) shows a simple 
ventilation system in a room.  
 
Fig (1.1): Ventilation system          
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There are two common indoor environmental modeling methods: 
1. Multi-zone network modeling. 
2. Computational fluid dynamics (CFD). 
 
   Multi-zone modeling; can yield a macroscopic view of a building by 
solving a network of mass balance equations to obtain airflows and 
average pollutant concentrations in different zones of a whole building. 
This entire process takes much less time, making whole-building 
modeling including various mechanical systems possible.  
 
   (CFD) modeling; can be used for a microscopic view of a building or its 
components by solving Navier-Stokes equations to obtain detailed flow 
field information and pollutant concentration distributions within a space, 
including the fundamental fluid mechanics and the detailed nature of the 
airflow, temperature, and contaminant concentration results. These results 
require significant time, both for the analyst to create a model and 
interpret the results for the computer to solve the equations. 
 
1.1) Research Objectives 
This project demonstrates the following steps: 
• Modeling an area using Airpak program. 
• Validate the Airpak program with available experimental, 
CONTAM and coupled (multi-zone/CFD) program data under 
more realistic flow rates in two conditions: 
1. Non-uniform air momentum distribution. 
2. Non-uniform air temperature distribution. 
• Validate the Airpak program with available experimental, 
CONTAM and coupled (multi-zone/CFD) program data by 
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comparing air velocities in case of non-uniform momentum 
distribution. 
• Validate the Airpak program with available experimental, 
CONTAM and coupled (multi-zone/CFD) program data by 
comparing concentrations of sulfur hexafluoride gas (SF6) in case 
of non-uniform contaminant distribution. 
 
1.2) Research Outlines 
• Chapter two shows the literature review of indoor environmental 
modeling, theory and solution techniques of multi-zone air flow 
modeling, theory and solution techniques of contaminant 
transport modeling, computational fluid dynamics (CFD) and its 
solution methods, coupled of (multi-zone/CFD) and historical 
studies.  
• Chapter three shows the benefits of (CFD) analysis in the field of 
heating ventilation and air conditioning (HVAC), Airpak as 
(CFD) software modeling method and its limitations and 
applications, mathematical and numerical background, governing 
equations such as mass conservation, momentum, energy 
conservation and species transport equations, incompressible 
ideal gas law and turbulence models such as {Mixing length 
zero-equation model, Indoor zero-equation model, kinetic-
dissipation (k-ε) model and (re-normalization group RNG k-ε 
model). Also this chapter shows the solution procedures and 
discretization of the momentum and continuity equations.  
• Chapter four shows the statement of the problem, studying the 
three cases: 
1. Non-uniform momentum distributions; 
2. Non-uniform contaminant concentration distributions; 
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3. Non-uniform air temperature distributions. Also this chapter 
shows how making geometries and building the model, studying 
and adding objects to the model such as (opening, 
partitions…etc), studying types of mesh and generating coarse 
mesh then finer mesh, calculating the solution. Also this chapter 
shows discussion and comparisons of three cases above of 
Airpak result with experimental data, CONTAM and coupled 
program by making tables and figures.  
• Chapter five shows conclusion of results from Airpak program 
compared with experimental data, CONTAM and coupled 
program. Also shows the computational effort: (CPU) time and 
solution behavior; in addition the recommendations which could 
be suggested on the future to the (CFD) users.   
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Chapter Two 
Indoor Environmental Modeling Methods 
 
2.1) Multi-Zone Air Flow Modeling 
   Multi-zone or network models are used to address airflow, contaminant 
transport, heat transfer, or some combination thereof. Network airflow 
models idealize a building as a collection of zones, such as rooms, 
hallways, and duct junctions, joined by flow paths representing doors, 
windows, fans, ducts, etc. Thus, the user assembles a building description 
by connecting zones via the appropriate flow paths. The network model 
predicts zone-to-zone airflows based on the pressure-flow characteristics 
of the path models, and pressure differences across the paths. Three types 
of forces drive flow through the paths: wind, temperature differences and 
mechanical devices such as fans. 
    As shown in figure (2.1), airflow network models resemble electrical 
net works. Airflow look like electric current with zone pressure acting 
like the voltage at an electrical node. Flow paths include resistors like 
(doors, windows…etc) and other active electrical elements like batteries 
(fans). 
   The network models do not prescribe details of airflow in zones. Thus, 
at any zone the network models characterized by a single pressure and 
pressure in the zone vary according to height. The pressure differences 
through the flow path are caused by density and height changes. The 
calculated pressure drop through a flow path neglects heat transfer and 
changes in kinetic energy.  
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Fig (2.1): Air flow path diagram 
 
2.1.1) Theory of Multi-Zone Air Flow Modeling 
   A multi-zone network model, such as CONTAM {1} calculates the 
airflow and contaminant distributions between the zones (or rooms) of a 
building and between the building and the outdoors. If airflow path ij 
connects zone i and zone j and Qij is the airflow rate from zone i to zone j, 
Qij is often calculated by a multi-zone model by a power-law function of 
the pressure drop, ∆Pij, across path ij: 
 
................................................ (2.1) 
 
Where, cij is the flow coefficient, nij is the flow exponent of path ij, and αij 
is “+1” for the airflow from zone i to zone j and “-1” for the airflow in the 
opposite direction. For each zone, multi-zone models solve air mass 
balance equations under steady state condition for zone j as: 
 
 ............ (2.2) 
 
Where, Qj is the air mass flow rate sources in zone j.  
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   The network airflow model combines the flow element and zone 
relations by enforcing mass conservation at each zone. The mass of air mi 
in zone i is given by the ideal gas law: 
         
  ............................................. (2.3) 
 
Where: 
mi = mass of air in zone [kg] 
ρi = zone density [kg/m3] 
Vi = zone volume [m3] 
Pi = zone pressure [Pa] 
Ti = zone temperature [K] 
Rair = gas constant for air = 287.055 [J/ kg·K] 
   To close the equation system, multi-zone models use the following 
assumptions: 
• Uniform pressure at the same height of a zone, uniform temperature and 
uniform contaminant concentration in a zone. 
• Quiescent or still air in a zone; airflow through zones does not impact 
zone pressure. 
• Momentum and kinetic energy are not accounted for by flow path 
models. 
   However, airflows are typically calculated for steady-state conditions,          
this is reasonable for most cases where driving forces change slowly 
compared to the airflow. Under this quasi-steady assumption, mass 
conservation in zone i reduce to: 
 
................................................................... (2.4) 
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   In this method, models were based on the assumption that airflows were 
quiescent and that the zones resistance to airflow was negligible. Hence, 
the model enforces conservation of mass in each zone, but does not 
conserve momentum.  
 
2.1.2) Solution Techniques of Multi-Zone Air Flow Modeling 
   The solution algorithm chooses one reference pressure for each zone, 
and then finds the driving pressure drops across each flow path, after 
accounting for changes of height in both zones and flow paths. Finally, 
these flows are summed for each zone to determine whether mass 
conservation is satisfied. 
   This approach leads to a set of algebraic mass balance equations that 
must be satisfied simultaneously for any given point in time. Because 
airflows depend nonlinearly on node pressures, so these equations are 
nonlinear, and therefore must be solved iteratively using a nonlinear 
equation solver. The simultaneous set of mass balance equations is 
typically solved using the (Newton-Raphson method {2}) to correct the 
zone reference pressures until the simultaneous mass balance of all flows 
is achieved. The Newton-Raphson method begins with an initial guess of 
the pressures.  
 
2.2) Contaminant Transport Modeling 
   Multi-zone contaminant transport models generally address transport of 
contaminants via inter-zone airflows for some or all of the following: 
contaminant generation by various sources or chemical reaction, removal 
by filtration, radiochemical decay, settling. 
   The details of contaminant distribution in each zone are considered 
well-mixed and characterized by a single concentration at any given 
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point. Therefore, the well-mixed assumption’s applicability to the mixing 
and pattern of airflow in a zone should be considered. However, if a zone 
is characterized by steep concentration gradients (e.g. a chemical release 
in a relatively large zone), (CFD) analysis might be more appropriate {3}.  
 
2.2.1) Theory of Contaminant Transport Modeling 
   Similarly, contaminant/species mass balance at steady state condition in 
zone j is: 
 
................................... (2.5) 
 
Where, Ci and Cj are the contaminant concentrations in zone i and zone j, 
respectively; Qji is the airflow rate from zone j to zone i; and Sj = 
contaminant sources inside zone j. 
 
2.2.2) Solution Techniques of Contaminant Transport 
Modeling 
   Generally, the goal is to solve a set of mass balance equations for each 
contaminant in each zone. 
 
 ......................................................... (2.6) 
 
Where mi is the mass of air in zone i and Cα,i is the concentration mass 
fraction of α (kg of α/kg of air). 
Contaminant is removed from zone by: 
• Outward airflows from the zone at a rate of Σj Qij Cα,j, where Qij is 
the rate of air flow from zone i to zone j.  
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• Removal at the rate Cα,i Rα,i where Rα,i (kg of air/s) is a removal 
coefficient. 
Contaminant is added to the zone by: 
• Inward airflows at rate Σj(1 – ηα,ji) Qji Cα,j where ηα,ji is the filter 
efficiency in the path from zone j to zone i. 
• Generation at rate Gα,i (kg of α/s). 
• Reactions of other contaminants, First-order chemical reactions 
with other contaminants Cβ,i (kg of β/kg of air) at rate mi.Σβ κα,β 
Cβ,i, where κα,β(1/s) is the kinetic reaction coefficient in zone i 
between species α and β. 
   Conservation of contaminant mass for each species and assuming trace 
dispersal (i.e., mα,i << mi) produces the following basic equation for 
contaminant dispersal for a given zone in a building {1}: 
 
 .........................................................................(2.7) 
 
2.3) Computational Fluid Dynamics (CFD) 
   Computational fluid dynamics (CFD) is one of the branches of fluid 
mechanics that uses numerical methods and algorithms to solve and 
analyze problems that involve fluid flows. Computers are used to perform 
the millions of calculations required to simulate the interaction of fluids 
with the complex surfaces used in engineering. Computational fluid 
dynamic (CFD) modeling quantitatively predicts thermal/fluid physical 
phenomena in an indoor space. The conceptual model interprets a specific 
problem of the indoor environment through a mathematical form of the 
conservation law and situation-specific information (boundary 
conditions). The governing equations remain the same for all indoor 
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environment applications of airflow and heat transfer, but boundary 
conditions change for each specific problem.  
   (CFD) involves solving coupled partial differential equations, which 
must be worked simultaneously or successively. (CFD) code is more than 
just a numerical procedure of solving governing equations; it can be used 
to solve fluid flow, heat transfer, chemical reactions, and even thermal 
stresses.  
   The Reynolds Averaged Navier-Stokes (RANS) modeling with 
turbulence models is one of the most popular (CFD) methods for 
calculating airflow and contaminant transport in buildings. A (RANS) 
model {4} solves a set of partial differential governing equations for mass, 
momentum, energy, and species conservation. 
   The initial task, as mentioned above, is to convert the differential 
equations, which have continuously defined functions as solutions, to a 
set of algebraic equations that connect values at various discrete points 
that can be manipulated by a computer. This process is called 
discretization {4}. Various methods are used for this, and the main three 
methods are described below. 
 
2.3.1) Finite Difference Method (FDM) 
   Initial investigations into the solutions of partial differential equations 
(PDEs) used the finite difference method and this was carried through 
into early (CFD). The method is based on the use of a Taylor series to 
obtain expressions for values of a function surrounding a given point on a 
structured grid {5}. These expressions are then combined to give an 
equation for the derivative at the given point in terms of those around it.     
A structured grid is one where neighboring cells are addressed by using 
the convention of (i-1, j), (i, j), etc. in general, with structured grids; the 
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grid lines are oriented in two or three directions for two or three 
dimensional problem respectively. 
 
2.3.2) Finite Element Method (FEM) 
   This method was originally developed for use in structural dynamics in 
the 1950 and developed for fluid dynamics later {6}.It sets up the 
equations so that a solution is found by minimizing the global error. In 
contrast with the finite difference method defined earlier it is based on an 
unstructured grid which consists of polygons or polyhedral of arbitrary 
shape and size, which is attractive for dealing with complex geometries.      
   The finite element method (FEM), sometimes referred to as finite 
element analysis (FEA), which is a computational technique used to 
obtain approximate solutions of boundary value problems in engineering. 
Simply stated, a boundary value problem is a mathematical problem in 
which one or more dependent variables must satisfy a differential 
equation everywhere within a known domain. Depending on the type of 
physical problem being analyzed, the field variables may include physical 
displacement, temperature, heat flux, and fluid velocity. 
 
2.3.3) Finite Volume Method (FVM) 
   The (CFD) researchers have developed and favored an alternative 
method called the finite volume method. This technique is simpler and 
more numerically efficient than others and this has led to it being the 
most widely used in three dimensional (CFD) software. 
   The finite volume technique can use either structured or unstructured 
grids. The physical laws are integrated into each control volume to give 
an equation for each law in terms of values on the face of each control 
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volume. These face values or fluxes are then calculated from adjacent 
values by interpolation.  
 
2.4) Coupled (Multi-Zone/CFD) 
   Current multi-zone airflow network models assume air momentum 
effects, contaminant concentrations and air temperatures are uniformly 
and homogeneously distributed in a zone of a building. These 
assumptions can cause errors for zones where air and/or contaminant are 
not well mixed. A coupled (multi-zone/CFD) program has been 
developed to improve the multi-zone model by applying a (CFD) model 
to those poorly-mixed zones and the multi-zone model to the rest zones.             
   The coupling of a multi-zone method with a (CFD) method can 
combine their merits and avoid their drawbacks. One could use (CFD) to 
those zones where the uniform assumptions would fail so the accuracy of 
the simulated results can be greatly improved, compared with using a 
multi-zone model alone. On the other hand, (CFD) is applied to limited 
zones so that the computing time with the coupled program would be 
more manageable, compared with using a (CFD) model alone for the 
whole building. 
 
2.5) Historical Studies 
   Some previous studies have shown promising results of coupled (multi-
zone/CFD) simulations such as:  
• Schaelin et al. (1994) proposed a "method of detailed flow path 
values," in which the perfect mixing assumptions of multi-zone 
models were remedied by providing detailed contaminant 
concentrations at the flow paths from the (CFD) results. Their test 
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cases showed that the calculated concentrations from this technique 
differ by a factor of up to 2.5 from the pure multi-zone approach. 
• Clarke et al. (1995) and Negrao (1998) implemented an internal 
coupling for airflow simulations. The coupled program could 
provide non-uniform distributions of airflow and contaminant 
concentrations, which otherwise could not be obtained from pure 
multi-zone simulations. 
• Upham (1997) pointed out that, for non-uniform distributions of 
contaminant concentrations, the results of using a multi-zone 
model were questionable. 
• Clarke (2001) also noted that current buildings airflow modeling 
by network approach has significant limitations of determining 
intra-room airflow and temperature distribution correctly. 
• Gao and Chen (2003) found that multi-zone models produce 
incorrect results due to the neglected momentum within a zone. 
• Jayaraman et al. (2004) also showed that the calculated personal 
exposure to contaminant by a coupled (multi-zone/CFD) approach 
could be quite different from a multi-zone method, especially for 
buildings with large spaces. 
   However, these studies did not validate their results with experimental 
data, which it is hard to determine whether the coupled (multi-zone/CFD) 
approach could provide more realistic results than the pure multi-zone 
method. 
• Yuan (2003) conducted the first on-site experimental validation of 
the coupled (multi-zone/CFD) approach, which showed good 
results compared to the measured data. 
   To improve the simulation results, more sophisticated models, such as 
(CFD) methods, should be used.  
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Chapter Three 
Airpak as (CFD) Software Modeling Method 
 
   The (HVAC) industry faces today, significant technical challenges that 
impact its market share and potential growth in the increasingly 
competitive global market. Computational fluid dynamics (CFD) 
software can help overcome technical challenges like Energy Efficiency, 
Indoor Air Quality (IAQ), Alternate Refrigerants...etc. 
   Today, buildings account for over 30% of the energy consumed in 
developed nations {7}. Tomorrow’s (HVAC) systems need to employ new 
technologies and improve component performance. (CFD) modeling can 
help to optimize the efficiency of fans, compressors, heat exchangers, and 
ducts. 
   The challenge is to provide building (HVAC) systems that meet 
comfort and safety criteria. (CFD) modeling can help determining 
ventilation air flows, temperature and humidity distribution, flow of 
contaminants, and trajectories of respirable particles. 
   With the banning of ozone-depleting (CFCs), new cost-effective 
designs for refrigeration and air conditioning systems need to be 
delivered. (CFD) modeling can help assess the impact on system 
performance of alternate refrigerants with new thermodynamic and 
physical properties. 
 
3.1) Benefits of (CFD) Analysis in (HVAC) 
   (CFD) modeling helps: 
1. Optimize (HVAC) system, ensuring that components are not 
oversized or over specified due to excessive margins built into 
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outdated design methods. (CFD) can predict non-idealized 
performance parameters that can be trusted. 
2. (CFD) modeling gives detailed description of the fluid flow, heat 
transfer and chemical species transport in the (HVAC) system or 
component. It provides the understanding needed for efficient 
troubleshooting, and insight that is difficult or impossible to get 
from experimental programs or field tests. (CFD) modeling 
minimizes the risk, time, and cost of retrofitting to fix field 
performance problems. 
3. (CFD) cuts the time and expense of design by minimizing the 
number of prototypes needed for experimental examination. 
Modeling is faster and less costly than the trial and error design 
process, and it accurately predicts system performance.  
4. (CFD) modeling predicts important performance characteristics 
like pressure loss, flow and temperature uniformity, and heat 
transfer rate.  
5. (CFD) software facilitates examine the full range of (HVAC) 
design, from overall system design and troubleshooting to 
individual component performance. 
6. In (CFD) software can create models by using its own tools. Also, 
it’s easy for using and learning about solution data like 
temperature, heat transfer coefficients, and pressure. 
7. (CFD) software has fastest tools for model building, using any kind 
of mesh: structured or unstructured, hexahedral or tetrahedral, or 
even mixed element types. Automated tools for meshing can be 
used to save hours or days over the time required for traditional 
block structured meshing.  
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3.2) Introducing Airpak Flow Modeling Software for 
(HVAC) System Design 
   Airpak is a powerful, quick, and easy-to-use software design tool for 
ventilation systems that are required to control indoor air quality (IAQ), 
thermal comfort, health and safety, air conditioning, and/or contamination 
control. Airpak provides designers with the ability to rapidly create and 
mesh models of their problems without the time-consuming process.      
Moreover, the solution process is streamlined with well-chosen default 
selections of models and solution parameters so that inexperienced users 
can obtain reliable results quickly. Finally, Airpak provides state-of-the-
art post processing and visualization of the results, including various 
thermal comfort parameters. 
   Airpak uses the computational fluid dynamics (CFD) solver engine for 
thermal and fluid-flow calculations. The solver engine provides complete 
mesh flexibility, and allows solving complex geometries using 
unstructured meshes. The multi-grid and segregated solver algorithms 
provide robust and quick calculations. 
   Airpak is used to model geometry and define model. Airpak then 
creates a mesh for model geometry, and passes the mesh and model 
definition to the solver for computational fluid dynamics simulation. The 
resulting data can then be post processed using Airpak. 
 
3.2.1) Applications  
   Airpak can be used to solve a wide variety of (HVAC) and 
contamination control applications, including the following: 
•  Commercial or residential building ventilation.  
•  Health care facilities telecommunications room ventilation. 
•  Clean rooms (pharmaceutical).  
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•  Industrial air conditioning. 
• Kitchen ventilation. 
•  Transportation comfort. 
•  Enclosed vehicular facilities. 
•  External building flows. 
 
3.2.2) Model Building Features 
• Airpak’s mouse-driven selection, placement, and sizing of predefined 
objects that make model building fast and easy. Complex geometries can 
be represented without approximations. 
• Object-based model building with predefined objects, including rooms, 
blocks, partitions, openings, sources...etc. 
• Comprehensive object shapes, including rectangular blocks, cylinders, 
ellipsoids, elliptical cylinders, concentric cylinders, prisms of polygonal 
cross-section, and prisms of varying cross-section. 
• Inclined rectangular partitions, openings...etc. 
• 3D mouse-based view manipulation with dynamic rotation and zoom. 
• Undo/redo functions. 
• Error and tolerance checking. 
• Flexible/customizable units for all input fields. 
• Parameterized geometry and boundary conditions ability. 
• Comprehensive material property database. 
 
3.2.3) Automatic Mesh Generation Features 
• Airpak’s fully-automatic unstructured mesh generation to model 
complex geometries with ease. 
• Hexahedra, tetrahedral, pentahedral, prisms, and mixed element mesh 
types; for high quality mesh on complex objects. 
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• Coarse mesh generation option for first-cut analysis. 
• Full user control of meshing parameters and mesh deployment. 
 
3.2.4) Comprehensive Modeling Capabilities 
• Forced, natural, and mixed convection heat transfer modes; conduction 
in solids; conjugate heat transfer between solid and fluid regions. 
• Surface-to-surface radiation heat transfer, with automatic view-factor 
calculation. 
• Ideal gas law available. 
• Laminar or turbulent flows. 
• Choice of turbulence models includes: 
 Zero-equation model calibrated for indoor airflow. 
 Mixing-length turbulence model. 
 Standard k-ε turbulence model. 
 RNG k-ε turbulence model. 
• Species transport. 
• Steady-state or transient analyses. 
 
3.2.5) Boundary Conditions for Flexible Model Building 
• Surface boundaries with options for specification of heat flux, 
temperature, convective heat transfer coefficient, radiation, and symmetry 
conditions. 
• Openings with options for specification of inlet/exit velocity, mass flow 
rate, exit static pressure, inlet total pressure, inlet temperature, turbulence 
parameters, and species boundary conditions. 
• Specify water vapor boundary conditions in terms of moisture content 
or relative humidity. 
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• Specify contaminant boundary conditions in terms of (ppmv), 
concentration, or mass fraction. 
• Variable time-stepping for transient problems. 
 
3.2.6) Solver Attributes 
• Airpak’s state-of-the-art solver is the industry-leading finite volume 
solver. Robust, fast, and accurate, Airpak uses a segregated solution 
algorithm to reduce computational time. 
• State-of-the-art fluid flow and heat transfer solver for complex 
geometries. 
• Choice of first-order up-winding, for first-cut solutions, or a higher-
order scheme for improved accuracy. 
• Parallel solver for multiprocessor machines - solver speed-up will 
depend on the size of the problem and the number of processors used. 
 
3.2.7) Visualization and Reporting 
• Airpak includes a full-function 3D object-based post-processor. So, 
results can be ease interpreted and reported.  
• Visualization of velocity vectors, contours, particle traces, or mesh on 
object faces and cut planes. 
• (IAQ) and thermal comfort post-processing variables can be computed 
using the comfort level and displayed like any of the other post-
processing variables: 
 Mean age of air  Relative humidity 
• Vectors and contours of velocity components, speed, temperature, 
pressure, heat flux, heat transfer coefficient, flow rate, turbulence 
parameters, flow angle, vorticity and many more quantities. 
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3.3) Methodology 
3.3.1) Mathematical and Numerical Background 
   Airflow in natural and built environments is predominantly turbulent, 
characterized by randomness, diffusivity and relatively large Reynolds 
numbers {8}.Turbulence is not a fluid property, as is viscosity and thermal 
conductivity, but a phenomenon caused by flow motion. Some theoretical 
background for the models equations used by Airpak software includes: 
 
3.3.2) Mass Conservation Equation 
   The equation for conservation of mass, or continuity equation, can be 
written as follows: 
 
  ...................................................... (3.1) 
 
For an incompressible fluid, this reduces to: 
 
 ..................................................................... (3.2) 
 
3.3.3) Momentum Equations 
   Transport of momentum in the ith direction is described by: 
 
 ....... (3.3) 
 
Where P is the static pressure, τ is the stress tensor (described below), and 
ρg is the gravitational body force.  F contains any other source. 
The stress tensor τ is given by: 
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 ................................... (3.4) 
 
Where µ is the molecular viscosity and the second term on the right hand 
side is the effect of volume dilation. 
 
3.3.4) Energy Conservation Equation 
   The energy equation for a fluid region can be written in terms of 
sensible enthalpy with: 
 
 ........................................................... (3.5) 
 
Where Tref is 298.15 K as: 
 
............. (3.6) 
 
Where k is the molecular conductivity, kt is the conductivity due to 
turbulent transport (kt = cp.µt/Prt), and the source term Sh includes any 
volumetric heat sources that defined. 
   In conducting solid regions, Airpak solves a simple conduction 
equation that includes the heat flux due to conduction and volumetric heat 
sources within the solid: 
 
 ........................................... (3.7) 
 
Where ρ is density, k is conductivity, T is temperature, and Sh is the 
volumetric heat source. 
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   Equation (3.7) is solved simultaneously with the energy transport 
equation (3.6) in the flow regions to yield a fully coupled conduction/ 
convection heat transfer prediction. 
 
3.3.5) Species Transport Equations 
   To solve conservation equations for species, Airpak predicts the local 
mass fraction of each species Yi, through the solution of a convection-
diffusion equation for the ith species. This conservation equation takes the 
following general form: 
 
 ........................... (3.8) 
 
Where Si is the rate of creation by addition from user-defined sources. An 
equation of this form will be solved for N −1 species where N is the total 
number of fluid phase species present in the system. Ji is the diffusion 
flux of species i. 
 
3.3.6) Mass Diffusion in Turbulent and Laminar Flows 
   Ji is the diffusion flux of species i, which arises due to concentration 
gradients. Airpak uses the dilute approximation, under which the 
diffusion flux can be written in turbulent flows as: 
 
 ............................................ (3.9) 
 
Here Di,m is the diffusion coefficients for species i in the mixture, and Sct 
is the turbulent Schmidt number with a default setting of 0.7. In laminar 
flows the term ρDi,m equal to zero. 
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3.3.7) Turbulence 
   Four turbulence models are available in Airpak: 
1. The mixing length zero-equation model, 
2. The indoor zero-equation model, 
3. The two-equation 
 i. (Standard k-ε) model; and  
          ii. RNG k-ε model. 
 
(A) Mixing Length Zero-Equation Turbulence Model 
   The mixing length zero-equation turbulence model (also known as the 
algebraic model) uses the following relation to calculate turbulent 
viscosity, µt: 
 
..................................................................(3.10) 
 
The mixing length i, is defined as: 
 
...........................................(3.11) 
 
Where: 
d is the distance from the wall and the von Karman constant k = 0.419. 
S is the modulus of the mean rate-of-strain tensor, defined as: 
 
 ............................................................(3.12) 
 
With the mean strain rate Sij given by: 
 
 ...................................................(3.13) 
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(B) Indoor Zero-Equation Turbulence Model 
   The indoor zero-equation turbulence model was developed specially for 
indoor airflow simulations. It addresses the need of (HVAC) engineers 
for a simple but reliable turbulence model that can be used with modest 
desktop computing resources. It uses the following relationship to 
calculate the turbulent viscosity µt: 
 
....................................................(3.14) 
 
Where υ is the local velocity magnitude, ρ is the fluid density, L is 
defined as the distance from the nearest wall, and 0.03874 is an empirical 
constant. 
   Airpak determines the heat transfer at the boundary surfaces by 
computing a convective heat transfer coefficients: 
 
 .........................................................(3.15) 
 
Where cp is the fluid specific heat, Preff is the effective Prandtl number, 
and ∆xj is the grid spacing adjacent to the wall. µeff is the effective 
viscosity, given by: 
 
  .........................................................(3.16) 
 
Where µ is the viscosity of the fluid. This model is ideally suited for 
predicting indoor air flows that consider natural convection, forced 
convection, mixed convection, and displacement ventilation. 
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(C) Two-Equation (Standard k-ε) and (RNG k- ε) Models 
   This section presents the (standard and RNG k-ε models). Both models 
have similar forms, with transport equations for k and ε. The major 
differences in the models are: 
• The method of calculating turbulent viscosity. 
• The turbulent Prandtl numbers governing the turbulent diffusion of 
k and ε. 
• The generation and destruction terms in the ε equation. 
   The features that are essentially common to both models follow; 
turbulent production, generation and modeling heat transfer. For the 
velocity components: 
  
 .............................................................(3.17) 
 
Where ūi and úi are the mean and instantaneous velocity components (i = 
1; 2; 3). 
Likewise, for pressure and other scalar quantities: 
 
  ...............................................................(3.18) 
 
Where Ø denotes a scalar such as pressure or energy. 
   By substituting expressions of this form for the flow variables into the 
instantaneous continuity and momentum equations with a time, they can 
be written in form as: 
 
  ..................................................(3.19) 
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 ..................................................................................(3.20) 
 
Equations (3.19) & (3.20) are called "Reynolds-averaged Navier- Stokes 
(RANS) equations". 
  
(C.1) Standard k-ε Model 
   The standard k-ε model is a semi-empirical model based on model 
transport equations for the turbulent kinetic energy (k) and its dissipation 
rate (ε). In the derivation of the standard k-ε model, it is assumed that the 
flow is fully turbulent, and the effects of molecular viscosity are 
negligible. The standard k-ε model is therefore valid only for fully 
turbulent flows. 
   The turbulent kinetic energy (k) and its rate of dissipation (ε) are 
obtained from the following transport equations: 
 
  
...................................................................................(3.21)  
 
And; 
 
 
...................................................................................(3.22) 
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   In these equations, Gk represents the generation of turbulent kinetic 
energy due to the mean velocity gradients. Gb is the generation of 
turbulent kinetic energy. C1ε, C2ε, and C3ε are constants. σk and σε are the 
turbulent Prandtl numbers for k and ε respectively. 
 
(C.2) RNG k-ε Model 
   As the strengths and weaknesses of the standard k-ε model have 
become known, improvements have been made to the model to improve 
its performance. One of these variants is available in Airpak the RNG k-ε 
model. 
   The RNG k-ε model was derived using a rigorous statistical technique 
(called renormalization group theory); it is similar in form to the standard 
k-ε model, but includes the following refinements: 
• The RNG model has an additional term in its ε equation that 
significantly improves the accuracy for rapidly strained flows. 
• The effect of swirl on turbulence is included in the RNG model, 
enhancing accuracy for swirling flows. 
• The RNG theory provides an analytical formula for turbulent 
Prandtl numbers, while the standard k-ε model uses user-specified 
constant values. 
• While the standard k-ε model is a high-Reynolds-number model, 
the RNG theory provides an analytically-derived differential 
formula for effective viscosity that accounts for low-Reynolds-
number effects. 
   These features make the RNG k-ε model more accurate and reliable for 
wider class of flows than the standard k-ε model. 
   The RNG k-ε model has a similar form to the standard k-ε model: 
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....................................................................... (3.23) 
And; 
 
 
 ..................................................................................(3.24) 
 
   The quantities αk and αε are the inverse effective Prandtl numbers for k 
and ε respectively. 
 
3.3.8) Incompressible Ideal Gas Law 
   In Airpak, to define the density using the ideal gas law for a single-fluid 
problem, Airpak will compute the density as: 
 
 .................................................................(3.25) 
 
Where R is the universal gas constant, Mw is the molecular weight of the 
fluid, and pop is defined as the operating pressure. In order to model 
species transport in Airpak, Airpak will compute the density as: 
 
  .........................................................(3.26) 
 
30 
 
Where Yi is the mass fraction of species i and Mw,i is the molecular 
weight of species i. In this form, the density depends only on the 
operating pressure. 
 
 
 
3.3.9) Solution Procedures 
   A control-volume based technique is used, that consists of: 
• Division of the domain into discrete control volumes using a 
computational grid. 
• Integration of the governing equations on the individual control 
volumes to construct algebraic equations for the discrete dependent 
variables "unknowns" such as velocities, pressure, temperature, and 
conserved scalars. 
• Linearization of the discretized equations and solution of the 
resultant linear equation system to yield updated values of the 
dependent variables. 
   The governing equations are solved sequentially because the governing 
equations are non-linear (and coupled); several iterations of the solution 
loop must be performed before a converged solution is obtained. Each 
iteration consists of the steps illustrated in figure (3.1). These steps are 
continued until the convergence criteria are met. 
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Fig (3.1): Overview of the Solution Method 
(I) Linearization 
   The discrete, non-linear governing equations are linearized to produce a 
system of equations for the dependent variables in every computational 
cell. For a given variable, the unknown value in each cell is computed 
using a relation that includes both existing and unknown values from 
neighboring cells. Therefore each unknown will appear in more than one 
equation in the system, and these equations must be solved 
simultaneously to give the unknown quantities. 
   This will result in a system of linear equations with one equation for 
each cell in the domain. Because there is only one equation per cell, this 
is sometimes called a "scalar" system of equations. A point implicit 
(Gauss-Seidel) linear equation solver is used to solve the resultant scalar 
system of equations for the dependent variable in each cell. Figure (3.2) is 
an example of such a control volume. 
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Fig (3.2): Control volume used to illustrate discretization of a 
scalar transport equation 
 
 (II) First-Order Upwind Scheme 
   When first-order accuracy is desired, quantities at cell faces are 
determined by assuming that the cell-center values of any field variable 
represent a cell-average value and hold throughout the entire cell; Thus 
when first-order up-winding is selected, the face value Øf is set equal to 
the cell-center value of Ø in the upstream cell. 
(III) Second-Order Upwind Scheme 
   When second-order accuracy is desired, quantities at cell faces are 
computed using a multidimensional linear reconstruction. In this 
approach, higher-order accuracy is achieved at cell faces through a Taylor 
series expansion of the cell-centered solution about the cell centroid. 
Thus when second-order up-winding is selected, the face value Øf is 
computed using the following expression: 
 
  ...........................................................(3.27) 
 
   Where Ø and   Ø are the cell-centered value and its gradient in the 
upstream cell, and ∆s is the displacement vector from the upstream cell 
centroid to the face centroid. This formulation requires the determination 
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of the gradient  Ø in each cell. This gradient is computed using the 
divergence theorem, which in discrete form is written as: 
 
  .............................................(3.28) 
 
   Here the face values Øf are computed by averaging Ø from the two cells 
adjacent to the face. 
 
(IV) Under-Relaxation 
   Because of the nonlinearity of the equation set being solved by Airpak, 
it is necessary to control the change of Ø. This is typically achieved by 
under-relaxation, which reduces the change of Ø produced during each 
iteration. In a simple form, the new value of the variable Ø within a cell 
depends upon the old value Øold, the computed change in Ø, ∆Ø, and the 
under-relaxation factor α, as follows: 
 ....................................................(3.29) 
 
(V) Discretization of the Continuity and Momentum 
Equations 
   Considering the steady-state conditions, discretization of the continuity 
and momentum equations in integral form as follows: 
 
  ...........................................................(3.30) 
 
 ..........(3.31) 
 
Where I is the identity matrix, τ is the stress tensor and F is the force 
vector. 
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(V.I) Discretization of the Continuity Equation 
   Equation (3.30) may be integrated over the control volume in figure 
(3.2) to yield the following discrete equation: 
 
 ....................................................(3.32) 
 
Where Jf is the mass flow rate through face f, ρυn 
   However, pressure does not appear explicitly in equation (3.32) for 
incompressible flows, since density is not directly related to pressure. The 
simple algorithm is used for introducing pressure into the continuity 
equation through equation (3.33). Using this procedure, the face flow rate 
Jf may be written as: 
 
 ..........................................(3.33) 
   Where pc0 and pc1 are the pressures within the two cells on either side of 
the face, and Jf contains the influence of velocities in these cells as figure 
(3.2). The term df is a function of ap, the average of the momentum 
equation ap linearized coefficients for the cells on either side of face f. 
 
(V.II) Discretization of the Momentum Equation 
   The discretization scheme described earlier in this section. A scalar 
transport equation is also used to discretize the momentum equations. For 
example, the x-momentum equation can be obtained by setting Ø = u: 
 
  ........................(3.34) 
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Chapter Four 
Case Study  
 
   The main purpose of the project is to validate Airpak program with that 
of the experimental data done before. Also it is required to demonstrate 
whether Airpak would give accurate simulations as for the CONTAM and 
coupled (multi-zone/CFD) program. 
   To achieve the above goals, the experiment used an environmental 
chamber facility, where a mechanical ventilation is used to supply air in 
zone 1. Zone 1 had two openings connecting to the neighboring zones; 
one connected with zone 2 was on the opposite side of the supply and the 
other to zone 3 on the other end that was far from the supply as shown in 
figure (4.1). 
The above mentioned four zone facility was used to investigate the 
following three modes of air flows:  
• Non-uniform air momentum distributions; 
• Non-uniform contaminant concentration distributions; and 
• Non-uniform air temperature distributions. 
 
4.1) Experimental Design   
   Available experimental data already done at Purdue university {9}.This  
investigation measured the wall temperatures, spatial distributions of air 
velocities, air temperatures, and airflow rates through the openings 
between the zones. Eighteen thermal couples were embedded in the walls 
for temperature measurements. The spatial air velocities were measured 
at sixty three locations with anemometers. Contaminant concentrations 
were simulated by sulfur hexafluoride gas (SF6), which was measured at 
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forty five locations by a tracer gas analyzer. So this data used to validate 
Airpak program. 
 
Fig (4.1): Schematic of the chamber facility divided into four zones used 
in the study 
 
4.2) First Case: Non-uniform Air Momentum Distributions 
   CONTAM assumes that the air in a zone is quiescent or still. The 
assumption is valid for zones with very low air velocity, such as airflow 
caused by infiltration through cracks. In such a case, the infiltration is 
immediately dissipated after entering the zone. However, a strong 
momentum effect may be preserved, contributing to spatial variations in 
zone pressures, if the airflow is from a large opening with a high air 
velocity. Then the inflow momentum effect could not be dissipated 
completely in the zone. 
 
4.2.1) Starting Airpak Software 
   When planning to solve a problem using Airpak, it should first give 
consideration to the following issues:  
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1/ Defining the modeling goals: (i.e. results needed and level of accuracy 
that helps to determine assumptions and approximations).  
2/ Choosing the computational model: (i.e. boundary conditions).  
3/ Choosing the physical models: (i.e. laminar or turbulent, steady or 
transient). 
4/ Determining the Solution Procedure: (i.e. simply or advanced and 
speed up of convergence). 
   Careful consideration of these issues before beginning Airpak analysis 
will contribute significantly to the success of modeling effort.  
   By opening job panel, The main window controls the execution of the 
Airpak program and contains two secondary windows, the message 
window (lower left) and the edit panel (upper right), which are controlled 
by the main window and, by default, are displayed along with it. The 
open job panel is a temporary window that closes once creating a new job 
(or open an existing job) as shown in figure (4.2).  
 
 
Fig (4.2): The start-up screen of Airpak software 
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4.2.2) Model 
   Resizing the default space by entering the following coordinates in the 
edit panel; subscript S » start, subscript E » end; table (4.1) show the 
coordinates of the model.   
 
XS 0 
YS 0 
ZS 0 
XE 4.93 
YE 2.44 
ZE - 6.22 
 
Table (4.1): Coordinates of the model 
 
Note: The walls of the space are adiabatic. 
• The supply opening size was 0.30m × 0.20m, 
• The size of openings 1 and 2 was 0.40m × 0.20 m each, 
•  The other openings in zones 2 and 3 (Windows 1 and 2) were 
0.65m × 0.20m. 
• There are three partitions in the space separate between zones 1, 2, 
3 and 4. 
• One opening explains the exhaust air in zone 4. 
As shown in figure (4.1). 
 
4.2.3) Menu (File         Problem) 
   Using the default setting for time variation in the problem setup panel 
by steady-state. Airpak allows choosing the variables that wanted to solve 
simulation. Seven options are presented in the problem setup panel: 
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1- Flow (velocity/pressure) & Flow regime. 
2- Temperature. 
3- Radiation. 
4- Species. 
5- (IAQ)/comfort. 
6- Gravity, and  
7- Ambient values.  
    Solving the problem for flow, by selecting flow (velocity/pressure) in 
the problem setup panel. Prior to solving the model, Airpak will 
determine whether the flow will be dominated by forced or natural 
convection. If the Reynolds number is greater than 2000 or the Rayleigh 
number is greater than 5 x107, it should also specifying  the flow regime 
in the problem setup panel to be turbulent.  
* In the model 
• Problem setup panel shown in figure (4.3).   
• Selecting the k-ε model.  
• Keeping the other option default. 
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Fig (4.3): The problem setup panel 
 
4.2.4) Adding Objects to the Space  
   Adding objects to the space involves three steps:  
1. Creating a new object.  
2. Specifying the location of the object.  
3. Specifying the flow, physical and thermal characteristics of the object. 
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(A) Menu (Model         Openings) 
   Openings are two-dimensional modeling objects representing areas of 
the model through which fluid can flow. Opening types include free and 
recirculation. Free openings are specified individually, but recirculation 
openings must be specified in pairs. 
* In the model 
 The procedure for adding an opening to Airpak model is as follows: 
1/ Creating an opening as show in figure (4.4) & (4.5). 
2/ Specifying the type of the opening by selecting free in the type. 
3/ Specifying the geometry, position, and size of the opening. 
   The airflow rates used in the experiment were 73, 113, 223, 296, and 
456 CFM (or 0.034, 0.053, 0.105, 0.140, and 0.215 m3/s).  
So from continuity equation: 
Q = Uin X A ------- (4.1) 
With area of supply opening = 0.3 X 0.2 = 0.06 m2 
By substituting, table (4.2) shows the velocities Uin at the supply opening 
with different flow rate Q. 
 
Q(m3/sec) Uin(m/sec) 
0.034 - 0.57 
0.053 - 0.89 
0.105 - 1.75 
0.140 - 2.33 
0.215 - 3.59 
 
Table (4.2): Velocities Uin with different flow rate Q 
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Fig (4.4): The openings panel 
 
 
Fig (4.5): The openings panel (free type) 
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(B) Menu (Model         Partitions) 
   Partitions are objects that are impervious to fluid flow. They can 
possess a thickness and are defined by both their geometry and their type. 
Partition types are defined by their associated thermal models. 
* In the model 
 The procedure for adding a partition: 
1/ Creating a partition on creating a new object as shown in figure (4.6). 
2/ Specifying the geometry, position, and size of the partition.   
3/ Choosing option of adiabatic thin partitions that have a zero thickness 
and do not conduct heat in any direction, either normal to the partition or 
along the plane of the partition.  
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Fig (4.6): The partitions panel 
  
4.2.5) Checking Steps 
   Airpak provides two ways to check model for design problems: 
1- Design checks, and 
2- Object and material summaries. 
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   In the design check, Airpak searches for incidences of overlapping 
objects, violations of physics (e.g., openings not associated with walls), 
and unacceptable data (e.g., values out of range for individual 
specifications). By performing a design check on this model, Airpak will 
display the results of the design check in the small gaps panel; hence 
indicating the potential problem in the design of the model. Airpak should 
report in the Message window that 0 problems were found and all 
tolerances are acceptable. 
Model ? Utilities ?Check Model  
Object and material summaries, provide an on-screen catalogue of all 
objects in the model (including names, descriptions, dimensions, 
locations, and all physical and thermal properties associated with each 
object) and any materials created or edited. The summary allows 
reviewing the contents of model as a means of examining the design. This 
feature allows testing different design configurations without having to 
rebuild the model. 
Model ? Utilities ?Summary  
 
4.2.6) Generating the Mesh 
  Once designing model finished, generating the computational mesh is 
used as the basis of the solution procedure. The mesh consists of discrete 
elements located throughout the computational domain.  
   If the overall mesh is too coarse, the resulting solution may be 
inaccurate. If the overall mesh is too fine, the computation cost may 
become prohibitive. If the mesh is too coarse in some areas and too fine 
in others, the solution may not converge at all. In summary, the cost and 
accuracy of the solution are directly dependent on the quality of the mesh. 
   The meshing procedure that Airpak follows is based on a set of rules 
that govern how each type of object is to be meshed. Airpak operates on a 
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methodology whereby each object is meshed individually. The mesh 
elements are small near objects, and take into account thermal and 
velocity gradients that are often present near the boundaries of an object. 
By contrast, the open spaces between objects are meshed with large 
elements, to minimize computational costs. 
 
4.2.7) Mesh Quality and Type 
(I) Mesh Quality  
   The main requirements can be summarized as follows: 
• The mesh must be fine near objects where the gradients of 
temperature and velocity may be very large (e.g., heated blocks or 
partitions, room walls with nearby objects).  
• The expansion ratio from one mesh element to the next should be 
kept in the range between 2 and 5, although in some critical areas a 
lower value might be better.  
• An equilateral element (cube or equilateral tetrahedron) is optimal. 
Since it is generally not possible to have only optimal elements, it 
should instead focus on maintaining a regular shape for each 
element. This will reduce the number of long, thin elements and the 
number of distorted elements, both of which can decrease accuracy 
and destabilize the solution. Figure (4.7) shows examples of 
elements with low and high skew. 
 
 
Fig (4.7): Elements with low and high skew 
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(II) Mesh Type 
   There are two types of meshes available in Airpak: hexahedral and 
tetrahedral meshes as follows: 
 
(II-I) Hexahedral Meshes 
   The hexahedral meshed (the default) is appropriate for most 
applications. For simple and complicated geometry models that includes 
square, circular, rectangular, spherical or ellipsoidal objects as shown in 
figure (4.8). 
 
Fig (4.8): Hexahedral mesh 
 
(II-II) Tetrahedral Meshes 
   The tetrahedral meshed will generally produce a better mesh than the 
hexahedral meshed. In fact, the tetrahedral meshed is required if model is 
more complicated that includes ellipsoids, elliptical cylinders, or 
polygonal ducts as shown in figure (4.9) 
 
 
Fig (4.9): Tetrahedral mesh 
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4.2.8) Generating a Coarse (Minimum-Count) Mesh 
   The minimum-count mesh is useful for computing an initial solution. 
Airpak generates a minimum-count mesh using the minimum number of 
elements necessary to represent the geometry and satisfy the default 
meshing rules for the objects in the model. 
Steps 
Model         Mesh  
• By clicking the coarse button at the bottom of the mesh control 
panel. Airpak will update the panel with the default meshing 
parameters for a coarse (minimum-count) mesh. 
• Deselecting Max X size, Max Y size, and Max Z size. 
• Clicking on the generate mesh button to generate the coarse mesh. 
 
4.2.9) Examining the Coarse Mesh on a Cross-Section of the 
Model 
- Selecting display at the top of the mesh control panel. 
- Turning on the cut plane option. 
- Keeping the default selection of point/normal. 
- Setting (PX, PY, PZ) to (1.5, 0, 0) and set (NX, NY, NZ) to (1, 0, 0). 
These settings will result in a mesh display on a y-z plane passing 
through the point (1.5, 0, 0). 
- Turning on the display mesh option. 
The mesh display plane is perpendicular to the roof, and aligned with the 
openings. 
- Clicking on the + + and − − buttons next to cut plane to advance the 
plane cut through the model. 
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4.2.10) Generating a Finer Mesh 
    Generally refining the minimum-count mesh after computing an initial 
solution is important. The steps below for refining the mesh globally (i.e., 
throughout the entire computational domain).  
- Selecting generate at the top of the mesh control panel. The panel will 
be updated to show the mesh generation tools again. 
- Clicking the normal button at the bottom of the mesh control panel. 
Airpak will update the panel with the default meshing parameters for a 
normal (i.e., finer than coarse) mesh. 
- Turning on the Max X size, Max Y size, and Max Z size specifications, 
and set each one to the desired maximum element length in each direction 
to be equal 0.0787,which make the: 
• Number of elements: 168,666  
• Number of nodes: 178,728 
   For this case, the simulation with (CFD)  for all the four zones with a 
total grid of 168,630 and for the coupled (CONTAM/CFD) simulation 
with a total grid of 62,370 for zone 1, figure (4.10A&B) show mesh 
control panel and generating mesh in model used. 
51 
 
 
 
Fig (4.10A): Mesh control panel 
 
 
 
Fig (4.10B): Generating mesh in the model   
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4.2.11) Checking the Flow Regime 
   Before starting the solver, estimates of the Reynolds and Peclet 
numbers to check that the proper flow regime being modeled, is very 
important. 
- Checking the values of the Reynolds and Peclet numbers by make  
Solution         Setup 
- Clicking the reset button, to check the values printed to the message 
window. 
"The Reynolds and Peclet numbers are approximately 7804 and 5799 
respectively for this problem, so the flow is turbulent.  
 
4.2.12) Saving the Model to a Job File 
   Airpak will save the model automatically before it starts the calculation, 
but it is a good idea to save the model (including the mesh). When user 
quits Airpak before start the calculation, user can be able to open the job 
that was saved and continue analysis in a future Airpak session. (If start 
the calculation in the current Airpak session, Airpak will simply 
overwrite job file when it saves the model.) 
File         Save 
 
4.2.13) Calculating a Solution 
   Once building model and generating a mesh are completed, so it’ ready 
to calculate a solution. Airpak allows to specify the parameters that 
control the solution procedure and to monitor the solution. All of the 
functions that are needed to define the solution procedure are found in the 
solution menu.  
   Airpak allows choosing the discretization scheme for the convection 
terms of each governing equation. Airpak choose the discretization 
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scheme to be used in the advanced solver setup panel. To open the 
advanced solver setup panel, by clicking on the setup button in the 
solution menu. 
Solution         Setup 
1/ Increasing the number of iterations to 1000, figure (4.11) show the 
solver setup panel in Airpak. 
2/ Modifying the parameters for the solver. 
 
Fig (4.11): Solver setup panel   
 
     (a) In the solver setup panel, by clicking advanced defaults, the 
advanced solver setup panel will open. 
   The discretization scheme to be used for each of the equations that 
Airpak solves is specified under Discretization scheme in the advanced 
solver setup panel. By default, all equations (except the pressure 
equation) are solved using a first-order scheme. The first-order scheme 
gives a relatively quick and accurate solution. The second-order scheme 
is available for cases where more accurate solution is required. However, 
a second-order solution may take longer to converge.  
     (b) Setting under-relaxation factors, Airpak uses under-relaxation to 
control the updated of computed variables at each iteration. Because of 
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the nonlinearity of the equation set, it is necessary to reduce the change of 
a variable from one iteration to the next; this is referred to as under-
relaxation factors.  By click reset in the solver setup panel, Airpak adjusts 
the under-relaxation factors to values that are recommended for the type 
of problem are trying to solve. 
   Alternatively, it possible to choose the solver automatically to adjust the 
under-relaxation factors for the pressure, momentum, and (if necessary) 
turbulence equations by turning on the under-relaxation adjustment 
option. Then specifying the frequency, which instructs Airpak to make 
the adjustments after every set number of iterations. 
So, the following values are the under-relaxation factors: 
_ Pressure: 0.7 
_ Momentum: 0.3 
_ Retain the defaults for temperature, viscosity, body forces, and H2o, so 
that the calculation will converge more easily. 
   (c) Finally, clicking on accept in the solver setup panel. 
Figure (4.12) show advanced solver setup panel in Airpak. 
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Fig (4.12): Advanced solver setup panel   
 
4.3) Second Case: Non-uniform Contaminant Concentration 
Distributions 
   CONTAM assumes instantaneous mixing of a contaminant in a zone. 
Such an assumption is acceptable if the zone is small and the mixing is 
intensive but in many cases, the mixing is not perfect. By applying CFD 
to such a zone, the non-uniform mixing can be considered, and a 
simulated result could be greatly improved. 
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   Figure (4.13) shows the chamber schematic to study non-uniform 
contaminant mixing. The case was the same as that for the study of non-
uniform momentum distributions, except for adding a partition wall in 
front of the air supply in zone 1. This study created a non-uniform (SF6) 
distribution in zone 1 by placing a contaminant source, which was 
simulated by (SF6), behind the partition. 
 
Fig (4.13): The chamber schematic used for the non-uniform contaminant 
distribution case 
 
4.3.1) Adding Source of Sulfur Hexafluoride Gas (SF6)  
   Sources represent regions in the model within which energy or species 
originate or are consumed. Source geometries include prism, cylinder, 
ellipsoid, elliptical cylinder, rectangular, circular, 2D polygon, and 
inclined. To configure a source in the model, user must specify its 
geometry (including location and dimensions), temperature options, and 
species options.  Energy sources are specified using one of the following 
options: total heat, per unit area/volume, fixed value of temperature. 
* In the model 
-Choosing zero-equation model in the problem setup panel. 
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-The (SF6) concentration in zone 2 was 0.977 ppmv, which was obtained 
by averaging the (SF6) concentration over the 15 locations. The average 
(SF6) concentrations were 0.022 ppmv for zone 1 and 0.018 ppmv for 
zone 3. So in addition to (air + water vapor) the total concentration of 
species (SF6) is 1.017 ppmv which is acceptable in the space.     
-Specifying a source of species within the computational domain, the 
species concentrations for the source to be 1 or 100 % of (SF6). 
Figure (4.14) show the species definitions panel & figure (4.15) show 
sources panel in Airpak. 
 
 
 
Fig (4.14): Species definitions panel 
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Fig (4.15): Sources panel 
 
4.4) Third Case: Non-uniform Air Temperature 
Distributions 
   A multi-zone model, such as CONTAM, could consider the impact of 
temperature on the airflow between zones. However, the model assumes 
that the temperature is uniformly distributed in each zone. Therefore, the 
impact caused by the temperature gradient in each zone is not accounted 
for. Hence, this investigation designed another case with a temperature 
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gradient to examine the impact of the temperature gradient on the airflow 
distributions. 
   Figure (4.16) shows the schematic of the case designed. A second air 
supply was added in zone 1 to create a symmetrical flow-supply 
condition. A heated box was placed in zone 2 and a non-heated box of the 
same size was symmetrically placed in zone 3. This experiment also 
placed openings 1 and 2 in the lower part of the partition. So zone 2 was a 
higher temperature than zone 3 due to the heat source and this created a 
higher flow into zone 2 than zone 3. 
 
 
Fig (4.16): Schematic of the case used to study the non-uniform 
temperature distribution case 
 
4.4.1) Adding Blocks to the Space 
   Physical, species, and thermal characteristics that need to be specified 
vary according to the block type. All types of blocks (or individual sides 
of the blocks) can exchange heat with other objects in the model. Blocks 
exist within the room, so any part of their non-contact surfaces may be 
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exposed to the fluid in the room. To configure a block in the model, user 
must specify its geometry (including location and dimensions) and type, 
as well as its physical and thermal characteristics. 
* In the model 
   Fixed temperature specifies a constant uniform temperature for the 
currently selected side of the block with values (30C°, 35C° and 46C°). 
The value of the ambient temperature is defined under ambient values in 
the problem setup panel; figure (4.17) show the blocks panel in Airpak. 
 
 
Fig (4.17): Blocks panel 
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sResult &n Discussio) .54 
   It is important to document and assess the credibility of (CFD) simulations 
through reporting of results. 
• Validation: provides instructions on how to demonstrate the ability of a 
user and a (CFD) code to accurately conduct representative indoor 
environmental simulations with available data “experimental data”.  
 
uniform Air Momentum Distributions-Non:  Case First).1.54 
   Table (4.3) shows the resulting data of Airpak compared with CONTAM, 
coupled program and experimental data. 
   As shown in figure (4.18B), the airflows measured through openings 1 and 2 
were not equal, although the geometry is symmetrical. This is because the 
momentum effect from the air supply brought more air to opening 1 than that 
to opening 2. The higher the momentum (airflow rate) from the supply, the 
higher the ratio of the flow through opening 1 over opening 2. 
   A multi-zone model, such as CONTAM, could not consider the non-uniform 
momentum effect in zone 1 created by the supply air. As a result, the airflow 
rate through the two openings calculated by CONTAM would be the same, as 
shown in figure (4.18B). Thus, the multi-zone model fails to calculate 
accurately airflow distribution for this case with non-uniform momentum 
flow. 
   When the coupled (CONTAM-CFD) program was used, where (CFD) was 
applied to zone 1 and CONTAM for the rest zones. As a result of the non-
uniform distribution of pressure in zone 1, the flow rate through opening 1 
was greater than that through opening 2. However, the discrepancies between 
the calculated results and the measured data were very significant as shown in 
figure (4.18B). 
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   When Airpak used and simulated all the four zones with k-ε model, the 
computed ratios of airflow rates of opening 1 over opening 2 were very close 
to the experimental data as also shown in figure (4.18B). This further verified 
that the turbulence model played a very important role in this case. Figure 
(4.18A) show the vector of velocities at opening 1 & opening 2. The 
computed results were in reasonable agreement with the experimental data, 
this validates that the coupled multi-zone and Airpak model can be used for 
the prediction of airflow in zones with non-uniform momentum distributions.  
   The coupled simulation used less computing time. Although the computing 
cost was much greater than CONTAM which only takes a few seconds, the 
coupled simulation provided more accurate results than CONTAM.  
   The simulation with the standard k-ε turbulence model required more 
computing time; and an Airpak simulation with the approximate same grid 
number as (CFD) for the four zones, cost about 133 minutes. 
 
Q 
(m3/sec) 
Uin 
(m/sec) 
V1 
(m/sec) 
in 
Airpak 
V2 
(m/sec) 
in 
Airpak 
Ratio of 
(V1/V2) 
in 
Airpak 
Ratio of 
(V1/V2)  
in 
Experiment 
Ratio of 
(V1/V2) in  
CONTAM 
 
Ratio of 
(V1/V2) 
in  
Coupled 
Program 
0.034 0.57 0.185514 0.163924 1.132 1.67 1.00 1.14 
0.053 0.89 0.348004 0.216245 1.609 2.28 1.00 1.46 
0.105 1.75 0.782354 0.366126 2.137 2.45 1.00 1.68 
0.140 2.33 1.058500 0.488610 2.166 2.55 1.00 1.70 
0.215 3.59 1.700720 0.721662 2.357 2.55 1.00 1.74 
 
Table (4.3): Resulting data for non-uniform momentum distributions 
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Fig (4.18A): Vector of velocities at opening 1 & opening 2 
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Fig (4.18B): Comparison of the calculated airflow ratio through opening 1 
over opening 2 with different methods with the measured data for the non 
uniform momentum case (1 CFM = 0.471947 L/sec) 
 
   In addition to flow rates, the experiment also measured the air velocity in 
sixty three locations in zones 1, 2, and 3 of the four-zone facility. The sixty 
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three locations were in nine poles as illustrated by P1 through P9 in figure 
(4.19), and each pole has seven points from the floor to the ceiling. 
 
Fig (4.19): The plan view of the four-zone facility with the nine measuring 
poles 
 
   Tables (4.4 A, B and C) and figures (4.20 A, B and C) show the comparison 
of air velocities at P7, P8, and P9 in zone 1 with non-uniform momentum 
distribution at (H=2.44m; υ =U/Uin, non-dimensional velocity when 
Uin=2.281 m/sec is the supply air velocity), calculated by CONTAM, coupled 
(CONTAM-CFD), and Airpak simulation of the four zones as well as 
experimental data. Since the coupled (CONTAM-CFD) simulation applied 
(CFD) only to zone 1, the comparison can only be made for P7, P8, and P9. 
The Airpak simulation with the standard k-ε model provided the best results 
while the CONTAM and coupled program results had some discrepancies 
from the experimental data. The discrepancies could be attributed to the 
turbulence model, as discussed previously. The computation time in Airpak 
takes about 135 minutes.  
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Z/H ν = U/Uin  
in Airpak 
ν = U/Uin  
in Experiment 
ν = U/Uin  
in Coupled 
Program  
0.13 0.039544 0.053 0.053 
0.24 0.032332 0.038 0.035 
0.38 0.034903 0.030 0.037 
0.49 0.037361 0.029 0.037 
0.61 0.038652 0.054 0.037 
0.74 0.034260 0.036 0.045 
0.86 0.008690 0.037 0.049 
 
Table (4.4A): Comparison of air velocities at P7 with non-uniform momentum 
distribution    
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Fig (4.20A): Comparison of air velocities at P7 with non-uniform momentum 
distribution 
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Z/H ν = U/Uin  
in Airpak 
ν = U/Uin  
in Experiment 
ν = U/Uin  
in Coupled 
Program  
0.13 0.014575 0.011 0.024 
0.24 0.015394 0.014 0.021 
0.38 0.014987 0.015 0.023 
0.49 0.013097 0.018 0.024 
0.61 0.008685 0.025 0.027 
0.74 0.005405 0.025 0.030 
0.86 0.027956 0.030 0.041 
 
Table (4.4B): Comparison of air velocities at P8 with non-uniform momentum 
distribution    
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Fig (4.20B): Comparison of air velocities at P8 with non-uniform momentum 
distribution 
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Z/H ν = U/Uin  
in Airpak 
ν = U/Uin  
in Experiment 
ν = U/Uin  
in Coupled 
Program  
0.13 0.010723 0.054 0.010 
0.24 0.009626 0.016 0.010 
0.38 0.008046 0.012 0.011 
0.49 0.006894 0.020 0.012 
0.61 0.007344 0.010 0.015 
0.74 0.012811 0.016 0.022 
0.86 0.023613 0.022 0.025 
 
Table (4.4C): Comparison of air velocities at P9 with non-uniform momentum 
distribution    
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Fig (4.20C): Comparison of air velocities at P9 with non-uniform momentum 
distribution 
 
68 
 
Contaminant Concentration uniform -Non: Second Case) .2.54
Distributions 
   It was possible to improve CONTAM results by separating the area behind 
the partition wall as another zone. However, the airflow between the new zone 
and the rest of zone 1 could be multi-directional through the large openings.         
Thus, if a CONTAM simulation is applied for the whole space of zone 1, it 
could not predict the non-uniform distribution of (SF6) in zone 1. CONTAM 
also interprets the flow and geometrical conditions to be symmetrical, because 
it could not take the partition wall into account. As a result, CONTAM would 
predict the same (SF6) concentration in zone 2 and zone 3. The Airpak and 
coupled (CONTAM-CFD) simulation, in which the (CFD) was applied to 
zone 1, could consider the non-uniform (SF6) concentration in zone 1. Clearly, 
the zone next to the (SF6) source had a high (SF6) concentration than the other 
zone, although the geometry is symmetrical. Most of the (SF6) was 
transported to zone 2 so the average concentration in zone 1 was low. 
   The huge difference in (SF6) concentrations between zones 2 and 3 was 
caused by the non-uniform (SF6) distribution in zone 1; the partition wall 
confined the (SF6) in a corner. As a result, the (SF6) concentration near 
opening 1 was higher than that near opening 2. The Airpak and coupled 
program can correctly calculate the (SF6) concentrations by predicting the 
detailed (SF6) distribution in zone 1.  The partition board in front of the supply 
prevented the development of the inflow momentum effect in zone 1 so the 
zero-equation turbulence model performed better. The inflow air was almost 
equally distributed between openings 1 and 2.  
   Tables (4.5 A, B and C) and figures (4.22 A, B and C) compares (SF6) 
concentrations in zone 1 obtained with the different methods; and figure 
(4.21) explain the GUI when simulating contaminant concentration of (SF6). 
The (SF6) concentrations were measured at forty five locations at the same 
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nine poles as in the previous case. The Airpak and coupled program 
(CONTAM-CFD) simulations predicted more accurate (SF6) concentrations 
for Poles 7, 8 and 9 than CONTAM. The computation time in Airpak takes 
about 145 minutes.   
 
Fig (4.21): GUI showing the contaminant concentration of (SF6)  
 
Z/H ν = U/Uin  
in Airpak 
ν = U/Uin  
in Experiment 
ν = U/Uin  
in Coupled 
Program  
0.13 0.02582 0.010 0.0350 
0.38 0.02450 0.010 0.0360 
0.49 0.02391 0.010 0.0320 
0.74 0.02431 0.020 0.0295 
0.86 0.02444 0.030 0.0455 
 
Table (4.5A): Comparison of (SF6) concentrations (ppmv) at P7 for non-
uniform contaminant distribution 
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Fig (4.22A): Comparison of (SF6) concentrations (ppmv) at P7 for non-
uniform contaminant distribution    
 
Z/H ν = U/Uin  
in Airpak 
ν = U/Uin  
in Experiment 
ν = U/Uin  
in Coupled 
Program  
0.13 0.02488 0.010 0.0320 
0.38 0.02301 0.030 0.0265 
0.49 0.02215 0.020 0.0260 
0.74 0.02095 0.030 0.0195 
0.86 0.02086 0.040 0.0201 
 
Table (4.5B): Comparison of (SF6) concentrations (ppmv) at P8 for non-
uniform contaminant distribution    
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Fig (4.22B): Comparison of (SF6) concentrations (ppmv) at P8 for non-
uniform contaminant distribution 
 
Z/H ν = U/Uin  
in Airpak 
ν = U/Uin  
in Experiment 
ν = U/Uin  
in Coupled 
Program  
0.13 0.02539 0.0095 0.0295 
0.38 0.02497 0.0201 0.0270 
0.49 0.02430 0.0201 0.0225 
0.74 0.02144 0.0305 0.0160 
0.86 0.02056 0.0201 0.0195 
 
Table (4.5C): Comparison of (SF6) concentrations (ppmv) at P9 for non-
uniform contaminant distribution  
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Fig (4.22C): Comparison of (SF6) concentrations (ppmv) at P9 for non-
uniform contaminant distribution 
 
DistributionsAir Temperature uniform -Non:  CaseThird) .3.54 
   Table (4.6) and figure (4.24) shows that the measured airflow ratios through 
opening 1 over opening 2 increased in zone 2, which were caused by 
increasing the surface temperatures of the heated box. As shown in figure 
(4.24), CONTAM generally could consider the temperature difference of 
zones 2 and 3. The reason was that CONTAM neglected the temperature 
gradients inside zone 2. To consider the temperature gradients, this study 
applied Airpak program to all zones simulations. The measured surface 
temperatures of the heated box were used as boundary conditions in the Airak 
simulations so that the temperature gradients could be correctly considered. 
Figure (4.24) illustrates that the calculated airflow ratios by the coupled 
program were very close to the measured data; when Airpak program is used 
to simulate all the four zones, it is found that the results were close to the 
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coupled simulations for the three cases. When the surface temperature was 30, 
35, 46 °C, the discrepancy between the measured and calculated results could 
be attributed to the experimental errors. 
   On the other hand, the assumption of uniform temperature in each zone 
seems to be tolerable in this case. The difference of 10% of CONTAM 
simulations to the experimental data was within the normal acceptable range 
of 20% for multi-zone simulations {10}. 
   Figure (4.23) illustrates the temperature distribution when the surface 
temperature of the heated box was 30 °C. The measured temperature gradient 
of the bulk air in zone 2 was as high as 3.7 °C, although the temperature 
gradient near the heated box could be higher. The temperature gradient could 
reach to 5.5 °C when the surface temperature of the heated box was 46 °C {11}. 
Also found that when the temperature gradient was moderate, there was 
reasonable agreement between the ventilation flow rates predicted by multi-
zone and (CFD) approaches. The results were improved when Airpak was 
applied to all the four zones as also shown in figure (4.24). However, the 
computing time of the Airpak simulation for all four zones was one-order 
magnitude greater than the coupled program. When the accuracy of the spatial 
temperatures was a primary concern, the Airpak program provides acceptable 
results when using the RNG turbulence model and a second order-upwind for 
discretization scheme in the advanced solver setup for the model; but it costs 
long computation time about 193 minutes.   
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Fig (4.23): Measured data expected for the box surface temperature of 30°C 
 
Ts 
Surface 
temperature 
U1 
in 
Airpak 
U2 
in 
Airpak 
υ=U1/U2
in 
Airpak 
υ=U1/U2 
in 
Experiment 
υ=U1/U2 
in 
CONTAM 
υ=U1/U2
in 
Coupled 
program 
30C˚ 0.19699 0.16407 1.20 1.30 1.20 1.23 
35C˚ 0.20978 0.15175 1.38 1.33 1.30 1.34 
46C˚ 0.24411 0.13991 1.74 1.45 1.50 1.47 
 
Table (4.6): Comparison of measured airflow rates with simulated results for 
non-uniform temperature distribution with different surface temperature of 
heated box in zone 2  
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Fig (4.24): Comparison of measured airflow rates with simulated results for 
the case of non-uniform temperature distributions with different surface 
temperatures of the heated box in zone 2 
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Chapter Five 
Conclusion and Recommendations 
 
? This project validated experimental, COTAM and coupled 
(multi-zone/CFD) program with data of Airpak program  
obtained from a 4-zone chamber facility for the simulations of 
non-uniform distributions of air momentum effects, contaminant 
concentrations, and air temperatures. The Airpak program is to 
improve the simulation of a multi-zone program (i.e.CONTAM) 
and coupled program (CONTAM/CFD), when the well-mixing 
assumptions of CONTAM fail. 
 
? The calculated results by the Airpak program generally agreed 
with the coupled program; however, experimental data show 
some discrepancies exist in some cases. As a result the coupled 
(multi-zone/CFD) simulation used less computing time than the 
(Airpak) simulation for the whole domain.   
 
? For airflows with a strong air momentum effect in a zone, the 
Airpak program proved to apply quite well in these zones. The 
calculated air flow rates by Airpak were in between the measured 
data and coupled (CONTAM/CFD) simulations; but the Airpak 
program calculated more accurate air flow rates when using the 
standard k-ε model with yet higher computational cost.  
 
? This project also validated the Airpak program with coupled 
program for simulating non-uniform distributions of contaminant 
concentrations and air temperatures in an area consist of four 
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zones as shown before in chapter four. The computational time in 
Airpak program is very high than coupled simulation. This 
investigation also found that the assumption of uniform zone 
temperature in a multi-zone model is acceptable when the air 
temperature gradient in a zone is moderate and the air 
temperature at each zone can be correctly estimated by Airpak 
program. 
 
? Due to the extra terms and functions in the governing equations 
and a greater degree of nonlinearity, computations with the RNG 
k-ε model tend to take 44% more CPU time than with the 
standard k-ε model. The choice of turbulence model can affect 
the ability of Airpak to obtain a converged solution, as it used in 
the third case of non-uniform air temperature distribution.  
 
? All Engineers and designers who need to assess the performance 
of real or conceived ventilation system designs they can use 
Airpak program. 
We recommend to: 
• Post-processing (IAQ) and thermal comfort like mean age of 
air, predicted mean vote (PMV) and relative humidity using 
Airpak program and validate it with any available data.   
• Trying to converge in more accuracy by changing type and 
number of mesh especially in critical area (i.e. openings), or 
even number of iteration.  
• Using another (CFD) software like updated Airpak 3.0, 
Ansys…etc for this study.  
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